The purpose of this study was to investigate how the contraction-induced increase in distal biceps brachii tendon moment arm is related to that in elbow flexor muscle thickness, with a specific emphasis on the influence of the site-related differences in muscle thickness. The moment arm and muscle thickness were determined from sagittal and cross-sectional images, respectively, of the right arm obtained by magnetic resonance imaging of nine young men.
Introduction
The moment arm of a muscle-tendon unit is the perpendicular distance between the joint center of rotation and the direction of muscle-tendon force, and increases with isometric contractions. [1] [2] [3] [4] Based on the idea that increased muscle thickness with contraction may alter the line of action of the tendon force and move the line of action away from the rotation center of the joint, the contraction-induced increase in muscle thickness has been considered as a reason for the increase in moment arm. 1, 2 However, the association between them has not been empirically verified, and the aforementioned idea remains speculative. Given that muscle contractions induce changes in muscle architecture and correspondingly influence muscle force production and/or human movement, clarification of this relationship is useful to promote a better understanding of the contribution of contraction-induced anatomical changes in the musculoskeletal system to human physical performance.
In the elbow flexors, the muscle thickness 5, 6 and moment arm 1 have been shown to increase with isometric contractions. Additionally, our previous study 7 indicated that the extent of contraction-induced muscle thickness increase is not uniform along the limb length.
In these muscles, therefore, muscle thickness measurements at multiple sites are required in order to ascertain whether the contraction-induced increase in moment arm depends on that in muscle thickness. The thickness of the biceps brachii and brachialis is usually measured as the elbow flexor muscle thickness. [8] [9] [10] The brachialis is located between the biceps brachii and the humerus. Based on this, we quantified the distal biceps brachii tendon moment arm and the multiple muscle thicknesses in the vicinity of the elbow flexor muscle belly at rest and during contraction. This study aimed to examine how the contraction-induced increase in moment arm is associated with that in muscle thickness, with a specific emphasis on the influence of site-related differences in muscle thickness.
Methods

Subjects
After having provided written informed consent, nine young male subjects (age: 25 ± 2 yr, body height: 1.72 ± 0.05 m, body mass: 62 ± 6 kg; means ± standard deviations (SDs)) participated in this study. The study protocol was approved by the Ethics Committee on Human Research of Waseda University.
Moment arm and muscle thickness measurements
The moment arm and muscle thickness were determined using magnetic resonance imaging (MRI). These measurements were separated by 2 days due to MRI scanner availability. Each subject was instructed to lie in a supine position on the bed of an MRI system (Signa 1.5T, GE Medical Systems, USA) and the position of the right arm was carefully adjusted by the MRI operator to have the length of the forearm aligned with the arm of a custom-made torque meter (VINE, Japan) and to set the long axes of the upper arm and the forearm on a plane perpendicular to the arm of the custom-made torque meter. The forearm was then securely fastened to the arm of the torque meter using a non-elastic band, with the elbow flexed at 80° (full extension = 0°) and the wrist fixed to the torque meter in a fully-supinated position. The shoulder was secured to the torque meter using a custom-made attachment. On each day, the subjects performed maximal voluntary contraction of isometric elbow flexion (MVC) for 3 seconds to measure torque. The torque data were recorded by a personal computer (sampling frequency: 100 Hz). The measurements were repeated two or three times with at least a 2 minutes interval and the highest value was adopted on each day. Technology, USA; display resolution of 800 × 600 pixels) to get visual feedback of the contraction intensity shown in the time series graph. Sagittal and cross-sectional images were initially scanned at rest on each day. Next, the same scan was made while the subject sustained 60% of MVC (60%MVC) for about 15 seconds. We confirmed that the subjects were able to maintain the requested contraction level (60%MVC) during scanning by visual observation. To ensure the day-to-day reproducibility of the measurements, the same procedures were performed on another day for one subject. The CVs of the day-to-day measured values of moment arm, muscle thickness, and θ across all subjects were 1.0 ± 0.5%, 1.7 ± 1.2%, and 1.7 ± 1.7%, respectively.
Statistical analyses
Descriptive data are presented as means ± SDs. The differences in moment arm and θ between at rest and during 60%MVC were examined by a Student's paired t-test. To test the differences in muscle thickness between at rest and during 60%MVC, a two-way analysis of variance (ANOVA) (2 conditions × 7 measurement sites) with repeated measures was used. If a significant difference in moment arm was found between the conditions and a significant main effect of the contraction intensity on muscle thickness was observed with no significant interaction of the contraction intensity and measurement site, the following analyses were "
Results
There were significant differences in moment arm and θ between at rest (45 ± 3 mm, 72 ± 3°) and during 60%MVC (48 ± 4 mm, 93 ± 3°) (moment arm: P < 0.001, d = 0.94; θ: P < 0.001, d = 7.83). A main effect of the contraction intensity on muscle thickness was significant (P < 0.001; η p 2 = 0.974), without a significant interaction of the contraction intensity and measurement site (P > 0.05; η p 2 = 0.208) ( Table 1 ).
The relative change in moment arm was 6.8 ± 1.7%. A main effect of the measurement site on the relative change in muscle thickness was not significant (P > 0.05; η p 2 = 0.222) ( Table 1 ). The associations between the values of relative changes in muscle thickness at all measured sites were not significant in most of the pairs (Table 2) . Among the relationships between relative changes in muscle thickness and moment arm, only the relative change in muscle thickness at the level 60 mm distal to the reference marker correlated significantly with the relative change in moment arm (P < 0.05) ( Table 3) .
Discussion
Previous studies 1,2 have suggested that the contraction-induced increase in muscle thickness can be a reason for that in moment arm. In the elbow flexors, this was supported at the limited site where the muscle thickness was determined.
In the resting condition, the mean value of moment arm determined in the present study was within those previously reported (32-47 mm). [11] [12] [13] [14] [15] [16] [17] [18] Moreover, the mean value of moment arm during 60%MVC in this study differed little from that in the previous one (43 mm). 1 Thus, the values of moment arm both at rest and during contraction obtained here were close to those in previous studies. A site-related difference in the relative change in muscle thickness was not found (Table 1) , which differed from our expectation described earlier. Meanwhile, the relationships between the values of relative changes in muscle thickness at all measured sites were not significant in most of the pairs (Table 2 Only the relative change in muscle thickness at the level 60 mm distal to the reference marker correlated significantly with that of moment arm (Table 3) . Of the seven muscle thickness measurement sites, the level 60 mm distal to the reference marker was the nearest to the distal biceps brachii tendon. Consequently, it is suggested that the increased elbow flexor muscle thickness at this site with 60%MVC was able to push the line of action away reason for that in moment arm, this has not been empirically verified. The present findings on the contraction-induced changes in moment arm and muscle thickness should be useful information to clarify the contribution of musculoskeletal anatomy to human physical performance.
Before concluding the present study, we would like to discuss some limitations. The first limitation is that, as described in our previous study, 1 the elbow joint angle might have changed during the isometric contraction because of imperfect external fixation of the joint to the dynamometer and the compliance of the dynamometer itself. To examine this, the angle between the humerus and radius was determined from the sagittal images recorded at rest and during 60%MVC using MRI. As a result, the difference in the angle between the two conditions was approximately 10° (9.1 ± 2.8°). Judging from a figure shown in our previous article 1 summarizing previous results on moment arm, 1, [11] [12] [13] [14] [15] [16] [17] [18] there is little difference in moment arm between 80° and 90° of elbow flexion. Therefore, it is suggested that the contraction-induced increase in moment arm is little affected by the angular variation during contraction. The second limitation is that the flexion/extension axis of rotation of the elbow was assumed to be perpendicular to the sagittal plane of the upper arm and its plane was assumed not to change with contraction. In this study, the position of the right arm was carefully adjusted by the MRI operator to have the length of the forearm aligned with the arm of the torque meter and to set the long axes of the upper arm and the forearm on a plane perpendicular to the arm of the torque meter. Although this is difficult to achieve completely due to the presence of the carrying angle defined as the ulna's lateral deflection from the shaft of the humerus when the elbow is fully extended and supinated, 19 the carrying angle was shown to be <5° at 80° of elbow flexion in a previous study. carrying angle on the moment arm measurement should be small. This view is consistent with the indication by Winter and Kleweno. 18 Furthermore, in order to reduce the possible effects of the above assumptions on the relative change in moment arm and its relationship with relative change in muscle thickness, the forearm and shoulder were firmly secured to the torque meter to minimize any contraction-induced change in sagittal plane of the upper arm, and the sagittal images of the upper arm were obtained both at rest and during 60%MVC.
Indeed, the mean values of moment arm both at rest and during contraction in the present study were close to those in previous studies 1, [11] [12] [13] [14] [15] [16] [17] [18] as described earlier. Hence, it is unlikely that the aforementioned possibilities greatly influenced the present results of the relationships between the contraction-induced changes in muscle thickness and moment arm. Lastly, an effect of muscle slackness on the moment arm and muscle thickness should be addressed. In the present experiment, the gravitational force acted on the muscle in the anterior-posterior direction, causing the values of moment arm and muscle thickness at rest to decrease owing to the muscle slackness 1, 7 . The extent of slackness of a muscle is suggested to depend on the angle of the joint that the muscle crosses, 21 and thus the contraction-induced increases in moment arm and muscle thickness should vary with elbow joint angles. Therefore, it is still a matter of debate whether the difference in elbow joint angles influences the association between the contraction-induced increases in moment arm and muscle thickness.
In summary, the present results indicate that the contraction-induced increase in distal biceps brachii tendon moment arm is related to that in elbow flexor muscle thickness near the corresponding muscle-tendon junction at a particular elbow joint angle. Values are means ± standard deviations. The measurement site denotes the distance from the reference site (60% of the upper arm length from the acromial process of the scapula to the lateral epicondyle of the humerus) in the distal direction. There was no significant interaction of the contraction intensity and measurement site for muscle thickness, and a main effect of the contraction intensity on muscle thickness was significant ( # : P < 0.001). A main effect of the measurement site on relative change in muscle thickness was not significant.
Table 2
Correlation coefficients between relative changes in the muscle thickness of the elbow flexors from rest to 60% of maximal voluntary contraction (n = 9). The measurement site (from 0 to 60 mm) denotes the distance from the reference site (60% of the upper arm length from the acromial process of the scapula to the lateral epicondyle of the humerus) in the distal direction. * (P < 0.05), † (P < 0.01), # (P < 0.001): Significant correlation.
Table 3
Correlation coefficients between relative changes in the elbow flexor muscle thickness and the distal biceps brachii tendon moment arm from rest to 60% of maximal voluntary contraction (n = 9). The measurement site denotes the distance from the reference site (60% of the upper arm length from the acromial process of the scapula to the lateral epicondyle of the humerus) in the distal direction. The relative change in moment arm was significantly correlated with that in muscle thickness at level 60 mm distal to the reference site (*: P < 0.05).
